It is generally postulated that the action of Escherichia coli enterotoxin in causing acute dehydrating diarrhea is mediated by the stimulation of adenylate cyclase activity in intestinal cell membranes (17, 24, 28) , resulting in a net secretion of water and electrolytes into the gut lumen (1, 24, 39). Studies on adenylate cyclase stimulation by enterotoxins, however, have been carried out primarily in the rabbit ileal loop model (17, 20, 28) . In such an in vivo animal model, quantitative interpretations are difficult because of the complex nature of the numerous cellular and tissue components present.
Heat-labile enterotoxin preparations obtained from two enteropathogenic strains of Escherichia coli of porcine and human origin were shown to stimulate adenylate cyclase activity of human embryonic intestinal epithelial cells in culture. Comparable results were alsoobtained when cholera toxin was used. The degree of enzyme stimulation was proportional to the concentration of enterotoxin. Similar preparations from two strains of non-enterotoxigenic E. coli had no effect on adenylate cyclase activity. Cells exposed to enterotoxin could be washed after 1 min of contact time without altering the subsequent course of maximum adenylate cyclase activity, which was maintained for at least 18 h at 37 C. During long periods (18 It is generally postulated that the action of Escherichia coli enterotoxin in causing acute dehydrating diarrhea is mediated by the stimulation of adenylate cyclase activity in intestinal cell membranes (17, 24, 28) , resulting in a net secretion of water and electrolytes into the gut lumen (1, 24, 39) . Studies on adenylate cyclase stimulation by enterotoxins, however, have been carried out primarily in the rabbit ileal loop model (17, 20, 28 In vivo incubation of enterotoxin in adult rabbit intestinal loops. E. coli and V. cholerae toxins were assayed for fluid production by using Leumberg white rabbits (weight, 2 to 3 kg) obtained from Scientific Small Anifials, Arlington Heights, Ill. Rabbit ileal loop assays were performed according to the method of Kasai and Burrows (29) . Six to seven 10-cm loops were constructed in each rabbit, and 2.0 ml of test solution was injected per loop. Rabbits were sacrificed after 18 h, and the fluid accumulation was measured as the ratio of fluid volume to ileal loop length.
Statistics. Values of adenylate cyclase activity and fluid accumulation data are expressed as the mean ± standard error of the mean (SEM).
RESULTS
The basal adenylate cyclase activity of the intestinal epithelial cells in culture was 1.44 4 0.16 (n = 4) pmol/mg/min. This activity increased to 50 pmol/mg/min when 10 mM fluoride was added to the homogenized cells. When enterotoxin from E. coli strain P307 was added at a concentration of 150 Ag/ml to this broken cell preparation, no stimulation of adenylate cyclase was observed. As previously observed with scraped intestinal epithelial cells in the adult rabbit model (28) , an enterotoxin preparation from E. coli strain 410G failed to stimulate enzyme activity above control values in broken tissue culture cell preparations.
When enterotoxin was incubated with wholecell monolayers (as described in Materials and Methods), there was an increase in adenylate cyclase activity. As shown in Fig. 1 , the effect of enterotoxin was examined as a function of enterotoxin concentration. When E. coli strain P307 was used ( Fig. 1) , stimulation was linear at enterotoxin concentrations of 0.03 to 1.5 ,ug/ml of protein and gave adenylate cyclase activities of 3.0 to 10.5 pmol/mg/min. Maximum adenylate cyclase activity (11.0 to 11.5 pmol/mg/min) was observed with 4.0 to 15.0 ALg of enterotoxin per ml. When tissue culture cells were treated with 410G enterotoxin (Fig. 2) (Fig. 1) and 410G (Fig. 2) toxins, stimulation of adenylate cyclase in tissue culture cells was at least 30-fold more sensitive for detection of toxin than fluid accumulation in rabbit ileal loops. If fetal calf serum was omitted from the incubation medium during in 18-h incubation of the cultured intestinal cells with enterotoxin, the sensitivity of this system as an assay for enterotoxin was further increased about six times (Fig. 3) . In the absence of fetal calf serum, enterotoxin activation of adenylate cyclase was between 200-to 300-fold more sensitive than quantitating rabbit ileal loop fluid accumulation.
Cell-free filtrates from non-enteropathogenic E. coli strains llllA and 123 at protein concentrations of 2.0 gg/ml were also tested for their ability to stimulate adenylate cyclase activity in tissue culture cells. Using these strains, no increase in adenylate cyclase activity was observed over basal levels (1.24 + 0.22 (n = 3) pmol/mg/min).
The effect of heating upon enterotoxin activity was next examined. Toxins from both the 410G and P307 strains were heated to 100 C for 15 min. Both toxin preparations were labile under these conditions. After heat exposure, neither the ability to stimulate adenylate cyclase activity above basal levels nor a positive rabbit ileal loop response could be observed.
In numerous experimental models in which the enterotoxins of E. coli and V. cholerae have been studied, a variable lag period is observed between enterotoxin addition and observed enzyme stimulation. A lag period of 2 h was 23 pmol/mg/min was observed. Fluid accumulation (0.5 to 2.7 ml/cm) in adult rabbit ileal loops was observed between 10 and 200 ,ug of cholera enterotoxin per ml (dry weight). Halfmaximum fluid accumulation occurred at 35 jg of cholera enterotoxin per ml, whereas halfmaximum adenylate cyclase stimulation (11 pmol/mg/min) occurred at 0.7 gg of cholera enterotoxin per ml.
After observing the reproducible modulation of adenylate cyclase activity by enterotoxin in cultured intestinal epithelial cells, additional cell lines were next examined for possible effects of enterotoxin on cells of extra-intestinal origin. Cell lines KB and HEp-2 were randomly selected. Monolayers of KB and HEp-2 has basal adenylate cyclase activities of 2.4 + 0.2 and 6.4 0.6 (n =3) pmol/mg/min, respectively. When these cell lines were exposed to E. coli P307 enterotoxin (15 jig/ml for 18 h), KB showed enzyme activity of 20.3 + 1.0 (n = 3) and HEp-2 gave enzyme activity of 27.4 1.4 (n = 3). DISCUSSION Both in animals and in humans there is an increase in the activity of the enzyme, adenylate cyclase of intestinal epithelium, which has been treated with either the enterotoxin of E. coli or V. cholerae (8, 9, 17, 28) . Although failure of the neonatal intestine to produce a secretory response to enterotoxin has been reported in some animals (2, 14) , Grand et al. (22) recently demonstrated that the sensitivity of intestinal adenylate cyclase to cholera enterotoxin is present early in fetal development both in the rabbit and in humans. The results described in the present report demonstrate that the adenylate cyclase of human embryonic intestinal epithelial cells in monolayer culture is stimulated by both fluoride and the enterotoxins of E. coli and V. cholerae.
The conventional assay for the presence of enterotoxigenicity, as described by Kasai and Burrows (29) , has been a measurement of fluid production generally after 18 h of enterotoxin incubation in a ligated loop of rabbit small bowel which is then expressed as a ratio of volume to length. Our studies using intestinal cells in culture have shown that significant stimulation of adenylate cyclase can be observed after enterotoxin incubation periods as short as 4 h (Fig. 6) . The shorter incubation period does, however, require higher concentrations of enterotoxin for an equivalent magnitude of enzyme stimulation, as is achieved with parallel experiments performed within 18 h of enterotoxin incubation.
Thus far, in all tissue exposed to the enterotoxin of V. cholerae (6, 7, 15, 30, 37, 38, 41, 44) , a characteristic lag period before the onset of the biological effect can be observed. With respect to the action of E. coli enterotoxin, although enterotoxin preparations from some E. coli strains appear to act almost immediately (18, 24) , enterotoxin preparations from other strains of E. coli have exhibited a lag period varying from 45 min to 4 h (16, 28, 34) . Attempts by this investigator (28) and others (24, 30) to demonstrate direct stimulatory effects of these enterotoxins on broken-cell preparations of intestinal epithelial cells have so far been unsuccessful. The effects of the enterotoxins on the activity of adenylate cyclase are demonstrable only if intact cells are incubated with enterotoxin for 10 min (24) to 2 h before the tissue is homogenized. In light of these observations, it is likely that the biochemical basis for the in vivo activity of these enterotoxins may be mediated by a series of complex events which require the metabolic integrity of the intact cell. For cholera enterotoxin, Cuatrecasas (11) has recently proposed a unifying hypothesis to account for the time lag as well as for the requirement for an intact cell membrane. He has suggested that the enterotoxin initially forms an inactive toxin-ganglioside receptor complex on the cell membrane and that this complex is transformed into a biologically active complex by a special transition which involves a major, spontaneous relocation of the complex within the two-dimensional structure of the membrane.
On the basis of the present as well as previous studies (42), it is quite clear that the continued VOL. 1974 presence of enterotoxin in the medium is not a necessary feature of enterotoxin action. The biological activity of the enterotoxin appears to be exerted by the continual presence on the cell of those molecules which initially bind very rapidly and tightly to the cell membrane. Since the removal of the incubation medium does not alter the subsequent activation of adenylate cyclase (Fig. 5) , it is apparent that the biological response is not generated by the production of the metabolites into the medium. This is supported by the finding that isolated, washed membrane preparations obtained from enterotoxin-treated tissue exhibit elevated activities of adenylate cyclase (6, 7, 36-38, 42, 44) .
It has recently been demonstrated that human serum is very effective in inhibiting the binding of cholera toxin to liver membranes (10) , as well as in blocking the ability of the toxin to inhibit the spreading of HeLa cells on surfaces (13) . Fetal calf serum also exhibited modest inhibition of E. coli enterotoxin-induced activation of adenylate cyclase at subsaturating concentration of enterotoxin; when saturating concentrations of enterotoxin are employed the inhibition can be overcome (Fig. 3) . The possibility is suggested by these data that whole serum or one of its components may be capable of competitively binding enterotoxin and of inhibiting the binding of the toxin to its cell membrane receptor site.
Cholera enterotoxin has been shown to stimulate the accumulation of cyclic AMP in a variety of nonintestinal mammalian tissue (3, 4, 21, 31, 34) . In a similar fashion, E. coli enterotoxin is also an effective activator of nonintestinal adenylate cyclase systems, as is clearly shown in the present study with the KB and HEp-2 cell lines in culture and in previous studies with the thyroid (34) .
The enterotoxin produced by toxigenic strains of E. coli has been recognized in two forms: one is heat-labile, antigenic, and of high molecular weight (greater than 5 x 106) (27) , whereas the other is heat-stable, nonantigenic, and of low molecular weight (1,000 to 10,000) (5) . The method of toxin preparation used in the present investigation routinely employed a concentration step by ultrafiltration using an Amicon PM-10 membrane which excludes molecules of molecular weight less than 10,000 with a 90 to 95% efficiency. It could therefore be anticipated that little heat-stable enterotoxin would be present in our toxin preparation. As predicted, this toxin was without any activity after exposure to 100 C for 15 min. An important question for future study is the mode of action of the heat-stable enterotoxin and whether it also is mediated by adenylate cyclase activation and raised levels of cyclic AMP.
Enterotoxins from E. coli and V. cholerae are both potent activators of adenylate cyclase from human embryonic intestinal epithelial cells in culture as demonstrated in this work. From data depicted in Fig. 7 , saturating concentrations of cholera enterotoxin appears to cause adenylate cyclase stimulation of approximately twice the magnitude of E. coli enterotoxin. A final conclusion that cholera enterotoxin is twice as potent an activator as saturating amounts of E. coli enterotoxin, however, is probably not justified presently because of the variability of adenylate cyclase activity (both baseline and maximal response) occasionally observed in our laboratory from different freshly obtained lots of the same cell line (Intestine 407, CCL-6). Further work is currently in progress to clarify this issue.
Human embryonic intestinal epithelial cells in monolayer culture can thus provide a simple experimental system for studying the response of intestinal adenylate cyclase to enterotoxins while eliminating the numerous cellular and tissue components present in the ligated ileal loop model. Furthermore, this system enables the detection of enterotoxin at 200 to 300 times greater sensitivity. Toxin may also be detected with contact times as short as 30 s and incubation periods as short as 4 h. In addition to its sensitivity and reproducibility, the tissue culture model would seem to be an ideal biological system with which to study the molecular events mediating the mechanism of action of the enterotoxin. 
